A new polyether (PE) was prepared from a biobased Janus molecule, 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (serinol pyrrole, SP). SP was synthesized with very high yield (about 96%) and high atom efficiency (about 80%) by reacting a biosourced molecule, such as serinol, with 2,5-hexanedione in the absence of solvent or catalyst. The reaction of SP with 1,6-dibromohexane led to PE oligomers, that were used as surfactants for multiwalled carbon nanotubes (MWCNT), in ecofriendly polar solvents such as acetone and ethyl acetate. The synergic interaction of aromatic rings and oxyalkylene sequences with the carbon allotrope led to dramatic improvement of surfactant efficiency: only 24% of SP based PE was extracted with ethyl acetate from the adduct with MWCNT, versus 98% of a typical pluronic surfactant. Suspensions of MWCNT-PE adducts in ethyl acetate were stable for months. High resolution transmission electron microscopy revealed a film of oligomers tightly adhered to MWCNT surface.
Introduction
Carbon Nanotubes (CNT) possess exceptional mechanical properties and the ability of conducting electrons without dissipating energy as heat. Research activity is performed on both single-walled [1, 2] and multi-walled [3, 4] CNT; one of main objectives is the preparation of even and stable CNT dispersions, both in liquid media and in polymer matrices, in view of many industrial applications. It is widely acknowledged [5] [6] [7] [8] [9] that the preparation of stable dispersions of CNT in liquid media has to overcome important obstacles: due to their large molar mass, not only CNT are insoluble in all known solvents but also they are greatly entangled. CNT are thus modified and partially coated with a dispersant phase that favors their compatibility with the liquid. Surfactants are the preferred molecules to prepare such a phase. Main goal of the research is to prepare stable CNT dispersions through simple processes that could preserve CNT integrity. CNT are thus functionalized, through covalent chemical modification [5] [6] [7] [8] or non covalent supramolecular interactions [8] . The latter ones are based on a variety of non bonded interactions such as π-π stacking, cation-π and charge transfer. Polynuclear aromatic molecules are among the preferred compounds for non-covalent functionalization [8] . Recently, polymers with aromatic repeating units have been employed. Water dispersible nanofibrillar-polyaniline was wrapped on multiwalled carbon nanotubes (MWCNT) by an in situ polymerization [10] . Stable dispersions of MWCNT were obtained in organic solvents: in dimethylacetamide by modifying MWCNT with a poly(benzoxazole) (PBO) precursor [4] and obtaining by heating CNT/PBO adduct film, in THF and toluene by using poly (2, Polyether from a biobased Janus molecule as surfactant for carbon nanotubes [5] . Single-walled carbon nanotubes (SWCNT) were dispersed in the same solvents thanks to poly(phenylacetylene)s with long alkyl tails on the side-chains [6] . Polyalkylene oxides are also acknowledged as efficient surfactants and research on these molecules is steadily performed [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Poly(ethylene oxide) and pluronic surfactants, i.e. triblock copolymers based on ethylene oxide and propylene oxide, are the preferred solubilizing polymers, particularly in view of biomedical applications. Since the first studies, it was reported that such surfactants, added at low percents, have a positive effect on the tube debundling [19] . Fluorescent labels on nanotubes were brought thanks to fluorescein-polyethylene glycol [11] . Polyoxyethylene sorbitan monooleate-suspended SWCNT were reported to favor the preparation of nanotubes suspensions for in vitro toxicological studies [12] . Objective of this work was to design a surfactant for CNT with much improved efficiency, thanks to the synergy between aromatic rings and oxyalkylene sequences. Such surfactant should be able to develop very efficient supramolecular interaction with CNT and to promote their dispersion in both hydrophobic and hydrophilic environments. To achieve such a goal, a poly(ether) based on the molecule shown in Figure 1 (2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol, serinol pyrrole, SP) was prepared. SP is a derivative of 2-amino-1,3-propanediol, known as serinol. It is directly obtainable from renewable sources [24] and can also be prepared from glycerol, a cheap, easily available raw material, non toxic and biodegradable. Glycerol comes from the biodiesel industry and a total amount of 1.2 million ton was available in 2010 [25] [26] [27] [28] [29] . Serinol is an interesting molecule for developing innovative synthetic strategies, thanks to the chemoselectivity of amino and hydroxyl groups. In recent papers, polymers from serinol have been reported: cyclic carbonates derivatives were converted into polymers through organocatalytic ring opening polymerization [30] and a compound obtained from the reaction of serinol with succinimidyl ester of trimethyl-locked benzoquinone was used to prepare water soluble biodegradable polyester [31] . In this work, serinol chemoselectivity was exploited [32] [33] [34] , preparing SP through the Paal-Knorr reaction [34, 35] of serinol (S) with 2,5-hexanedione (HD), performing the reaction in the absence of solvents and catalysts. SP has been defined as a Janus molecule [36] , that means a molecule with two faces and, hence, a dual reactivity. The Roman god Janus, represented (for example in coins) as having two faces in one body, inspired the definition 'Janus' first to describe micro-and nanoparticles with at least two physically or chemically differing surfaces [37, 38] and then, more in general, molecules having two faces, a hydrophobic and a hydrophilic one, such as colloids [39] dendritic multiester [40] , supermolecular liquid crystals [41] , a binding protein for vitamin E [42] , block copolymers with (meth)acrylic acid segments [43] . The Paal-Knorr reaction changes the sp 3 hybridization of the nitrogen atom of the amino group and leads to the formation of sp 2 atoms in the aromatic pyrrole ring. Pyrrole can give rise to π-π stacking with aromatic compounds such as CNT and the hydroxyl groups allow the preparation of polymers such as polyethers by step-growth polymerization. First example of polymer obtained by step-growth polymerization, polyurethane, has been recently reported [33] . In this manuscript, polyethers from the reaction of SP with 1,6-dibromohexane are reported. They were characterized by means of infrared spectroscopy, 1 H and 13 C nuclear magnetic resonance (NMR), thermogravimetric analysis (TGA). MWCNT-PE adducts were prepared; their structure was studied by means of high transmission electron micro scopy (HRTEM). MWCNT-PE suspensions were prepared in ecofriendly solvents, such as acetone and ethyl acetate, assessing their stability after several month storage, through UV-Vis spectroscopy.
Experimental section 2.1. Materials
Purified multi-walled nanotubes (NC7000 series) were purchased from NANOCYL™ Inc (www. nanocyl.com) and used as-supplied. Pluronic RPE 310 was poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol) (PPG-PEG-PPG, M n = 3000) from BASF. Table 1 In a 50 mL round bottom flask equipped with a magnetic stirrer were added SP (0.200 g, 1.18 mmol) and potassium hydroxide (0.200 g, 2.36 mmol). The resulting mixture was sonicated for 30 minutes in a 2 L sonication bath. After this period, a solution of 1,6-dibromohexane (0.218 mL) in 3 mL of isopropyl alcohol was added and stirred at 90°C for 30 minutes. A sample was taken for determination of the conversion by 1 H NMR spectroscopy. After cooling at room temperature, water (10 mL) was first added and isopropyl alcohol was removed. To the mixture was then added ethyl acetate and extracted (3×25 mL). The organic phase was dried on Na 2 SO 4 and the solvent was removed. The polymer was isolated by dissolution in CH 2 Cl 2 (2 mL), precipitation from excess diethyl ether (50 mL), filtration, and drying in vacuo.
Polymerization reactions Run 1 of

Run 2 of Table 1
In a 25 mL round bottom flask equipped with a magnetic stirrer were added in sequence SP (0.100 g, 0.59 mmol) and potassium hydroxide (0.100 g, 1.18 mmol). After stirring for 30 minutes, 1,6-dibromohexane (0.109 mL) was added to the mixture and sonicated for 30 minutes in a 2 L sonication bath. After this period, the mixture was irradiated at 130°C for 30 minutes by micro wave. A sample was taken for determination of the conversion by 1 H NMR spectroscopy. After cooling at room temperature, water (10 mL) was first added and was extracted using ethyl acetate (3×10 mL). The organic phase was dried on Na 2 SO 4 and the solvent was removed. The polymer was isolated by dissolution in CH 2 Cl 2 (2 mL), precipitation from excess hexane (50 mL), filtration, and drying in vacuo.
Run 3 of Table 1
In a 25 mL round bottom flask equipped with a magnetic stirrer were added in sequence SP (0.100 g, 0.59 mmol) and potassium hydroxide (0.100 g, 1.18 mmol). After stirring for 30 minutes, 1,6-dibromohexane (0.109 mL) was added to the mixture. The resulting mixture was sonicated for 30 minutes in a 2 L sonication bath and after was stirred at 130°C for 60 minutes. A sample was taken for determination of the conversion by 1 H NMR spectroscopy. After cooling at room temperature, water (10 mL) was first added and was extracted using ethyl acetate (3×10 mL). The organic phase was dried on Na 2 SO 4 and the solvent removed. The polymer was isolated by dissolution in CH 2 Cl 2 (2 mL), precipitation from excess hexane (50 mL), filtration, and drying in vacuo.
Preparation of MWCNT adducts
With SP based PE Dispersion of CNT in acetone was prepared (1 mg/mL) sonicating for 30 minutes in a 2 L sonication bath. A PE solution in acetone was added (1 mg/mL) to the previously obtained instable suspension. The mixture was sonicated for other 30 minutes. The powder of MWCNT/SP adduct was isolated by evaporating the solvent.
With Pluronic 3110
The same procedure was followed except that 5 mg of Pluronic 3110 were used. The resulting suspension was then centrifuged at 5000 rpm for 5 minutes to test its stability.
Extraction with ethyl acetate of MWCNT
adducts 100 mg of MWCNT adduct in the powder form, either with SP based PE or with Pluronic 3110, was placed in a round bottomed flask (50 mL) equipped with a magnetic stirrer and ethyl acetate (25 mL) was added. The ensuing suspension, after being stirred overnight at room temperature, was centrifuged at 9000 rpm for 30 minutes and dried under vacuum. The so obtained black powder was analyzed by TGA.
Characterization
Nuclear magnetic resonance analysis One-dimensional 1 H-and 13 C NMR spectra were measured at 400 and 100 MHz, respectively, using a Bruker AV 400 equipped with a 5 mm multinuclear probe with reverse detection (Bruker, Rheinstetten, Germany). The solvent was deuterated Chloroform and the temperature was 27°C. The experimental time for 13 C NMR spectra was typically 12 h (corresponding to more than 10000 scans). Data were processed using TOPSPIN 1.1 or MestReNova. Centrifugations were performed using an ALC -Centrifugette 4206.
Thermal gravimetric analysis TGA analysis under N 2 were performed with a Mettler TGA SDTA/851 instrument according to the standard method ISO 9924-1. Samples (10 mg) were heated from 30 to 300°C at 10°C/min, kept at 300°C for 10 min, and then heated up to 550°C at 20°C/min. After being maintained at 550°C for 15 min, they were further heated up to 650°C with an heating rate of 30°C/min and kept at 650°C for 20 min under flowing air (60 mL/min).
FT-IR spectroscopy attenuated total reflectance (ATR)
IR spectra were recorded between 450 and 4000 cm -1 by using a Perkin Elmer FT-IR spectrum one equipped with Universal ATR Sampling Accessory with diamond crystal.
High resolution transmission electron microscopy HRTEM analysis of the MWCNT adduct with the PE sample containing the pyrrole ring was performed with a Zeiss Libra ® 200 FE microscope (Carl Zeiss AG, Oberkochen, Germany) operating at 200 kV and equipped with an in-column OMEGA filter for energy selective imaging and diffraction. Few drops of acetone diluted suspension of the sample were deposited on a holey carbon film supported on a standard Cu grid and air-dried for several hours before analysis.
Wide-angle X-ray diffraction WAXD patterns were obtained in reflection, with an automatic Bruker D8 Advance diffractometer, with nickel filtered Cu-Kα radiation. They were recorded in 10 and 80° as the 2Θ range, being 2Θ the peak diffraction angle. Distance between crystallographic planes was calculated from the Bragg law. The D hkl correlation length, in the direction perpendicular to the hkl crystal graphitic planes, was determined applying the Scherrer equation (Equation (1)): (1) where K is the Scherrer constant, λ is the wavelength of the irradiating beam (1.5419 Å, Cu-Kα), β hkl is the width at half height, and Θ hkl is the diffraction angle. The instrumental broadening, b, was determined by obtaining a WAXD pattern of a standard silicon powder 325 mesh (99%), under the same experimental conditions. The width at half height, β hkl = (B hkl - b) was corrected, for each observed reflection with β hkl < 1°, by subtracting the instrumental broadening of the closest silicon reflection from the experimental width at half height, B hkl .
UV-Vis spectroscopy UV-Vis absorption measurements were made using a Hawlett Packard 8452A Diode Array Spectrophotometer.
Results and discussion
Synthesis of 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (SP)
The synthesis of SP, summarized in Figure 2 , is described in detail in the experimental part and has been discussed elsewhere [32, 33] . In brief, serinol (S) was first reacted with 2,5-hexanedione (HD), adopting the Paal-Knorr reaction, obtaining the tricyclic compound 4a,6a-dimethyl-hexahydro-1,4-dioxa-6b-azacyclopenta[cd]pentalene (HHP), that was then converted into SP. The reaction is characterized by high atom economy (82%) and water is the only co-product of the first step. In all the SP syntheses carried out for the present work,
high yield, about 96%, was easily reproduced. Atom efficiency of about 78% was thus obtained.
Poly(ether)s from SP and 1,6-dibromohexane (DBH)
Polyether synthesis was carried out by using equimolar amounts of SP and DBH, as it is shown in Figure 3 . KOH was used as the base to promote the polymerization: alcolates formed from the OH groups of SP performed the nucleophilic attack on the C-Br bond of DBH, as in a classical Williamson reaction [44, 45] . Polymerizations here discussed were carried out at different temperatures (90 and 130°C) and for different times (30 and 60 minutes), either in the absence or in the presence of a solvent such as isopropanol. Table 1 shows polymerization conditions and data of number average molar mass (M -n ) obtained from NMR analysis. Low molar masses were obtained in the performed tests. Test carried out in i-PrOH at 90°C for 30 minutes as the solvent gave M -n of about 1800 g·mol -1 . Lower molar mass was obtained performing the reaction for the same time but in the absence of solvent and at higher temperature (130°C). Larger value of M -n , about 2.600 g·mol -1 , was achieved at 130°C, in the absence of a solvent and for a longer polymerization time. Research was not performed in order to enhance the molar mass of poly(ethers), as they were conceived as surfactants for CNT and the low molar mass was seen as beneficial. Research for enhancing the molar mass should carefully control the chemical purity of the comonomers and hence the stoichiometry of the reaction. Moreover, the large steric hindrance of SP as the diol, as well as the π-π interactions established by the pyrrole ring, should be investigated. The nature of functional groups present in the oligomers obtained from runs 1-3 of Table 1 was investi- Table 1 . In all the spectra shown in Figure 4 , the -C-O-Cether group is revealed by the characteristic strong band at 1097 cm Figure 5 curve a indicate the presence of CH 2 OH terminals, whereas are absent in the spectrum in Figure 5 curve b of the PE, from run 3, with higher molar mass. Both spectra also show at 2.17 ppm the characteristic signals of the methyl group bound in C-2 of the pyrrolic ring. Thermal stability of SP based oligomers was assessed by means of thermal gravimetric analysis. SP achieves its boiling point at about 230°C. TGA curve shows decomposition profile made by three main steps. The decomposition of pyrrole moiety, oxygen-containing and alkenylic groups occurs in temperature range Table 1 from 150 to 700°C and the combustion with oxygen (see experimental part) at T > 700°C. Mass loss due to water removal, that could be expected at T < 150°C in consideration of the hydroxyl end groups, is not be detected.
MWCNT-PE adducts
MWCNT-PE adducts were prepared as described in the experimental part. Briefly, a suspension of CNT in acetone (1 mg/mL) was sonicated with a 2 L bath sonicator for 30 minutes, obtaining an unstable suspension. A solution in 5 mL of acetone, of 10 mg of PE sample from run 3 of Table 1 , was then added to 5 mL of CNT suspension (10 mg), immediately after its sonication. Further sonication was carried out for 30 minutes. The chemical composition and the structure of CNT coated with PE oligomer (sample from run 3 of Table 1 ) were then investigated by means of TGA, XRD analysis and HRTEM. Sample for the analysis was isolated by carefully taking the upper part of the supernatant suspension obtained after centrifugation, evaporating then the solvent. In Figure 6 are reported the thermographs of SP, polyether from run 3 of Table 1 and the MWCNT-PE adduct based on such polymer after extraction with ethyl acetate. As reported in Table 2 , PE thermal degradation profile shows three main losses due to the degradation of the ether-pyrrole moieties and methylene sequences (see Figure 6 curve b). In the MWCNT-PE adduct trace degradation of the adsorbed polymer occurs at a temperature much higher than the one observed in the PE curve. From TGA, the content of PE after extraction with ethyl acetate was calculated to be about 10%. Figure 7 shows the XRD patterns, in the 10-80° as 2Θ range, of pristine MWCNT (Figure 7 curve a) and of the MWCNT-PE adduct (Figure 7 curve b) . XRD pattern of a graphitic crystalline carbon allotrope with many stacked graphene layers, shows, as the most intense peaks, some (00l) Table 1 Figure 7. XRD diffraction spectra of: pristine MWCNT (a) and MWCNT-PE adducts (b) ure 8 shows that the multiwalled CNT skeleton remained intact after the treatment with PE oligomers. The average number of CNT layers was calculated equal to 10, a value close to the one estimated from the XRD pattern. The coherence between the results obtained from XRD and HRTEM indicates that the MWCNT-PE adduct shown in Figure 8 (CNT with 10 walls) is representative of the whole sample. CNT external surface resulted decorated with PE chains, which form a not continuous condensed polymer layer (from about 3 to about 9 nm thick) that appears tightly adhered to the CNT external surface. The suspension of MWCNT-PE adduct was observed to be stable for at least 5 months. Figure 9 shows the pictures of the ethyl acetate suspensions of pristine MWCNT ( Figure 9a ) and MWCNT-PE after five months (Figure 9c ).
UV-Vis absorption analysis was carried out on the suspensions shown in Figure 9 , as described in the experimental part, by carefully taking the upper part of the supernatant suspensions. UV-Vis absorption spectra of such suspensions are reported in Figure 10 . It is evident that the same absorbance was detected for the two suspensions, confirming that CNT treated with PE oligomer did not settle down, over five months storage. As mentioned in the introduction, stable CNT dispersion in liquid media should be obtained through simple preparation processes, preserving CNT integrity. The approach here reported appears to achieve these goals. Thanks to SP based PE, a mild sonication is able to promote the formation of the stable suspension, without altering the CNT structure. Stability of the interaction between SP based PE and MWCNT was investigated by solvent extraction. As mentioned in the Introduction, synergy was pursued between aromatic pyrrole rings and poly (oxyalkylene) sequences. Extraction tests with ethyl acetate were thus performed on MWCNT adducts with either SP based PE or with the PPG-PEG-PPG block copolymer. The former adduct was from run 3 of Table 1 , the latter one was prepared as reported in the experimental part, with the Pluronic surfactant in place of SP based PE. TGA analysis of the ensuing products showed that absorbed SP based PE in the adduct was 13% before and 10% after (Figure 11a) . Instead, the pluronic surfactant was 5% before and 0.1% after extraction (Figure 11b ). Mass loss is thus about 24 and 98% for the adduct with SP based PE and PPG-PEG-PPG respectively. These results are in line with the analysis of TEM micrographs (Figure 8 ) that reveal the intimate interaction of MWCNT with Table 1) the SP based PE and confirm the superior performance of surfactants containing poly(oxylakylene) sequences and an aromatic ring, inserted in the polymer chain by SP.
Conclusions
Innovative, green, efficient synthetic strategy was designed and developed for the preparation of polyethers able to establish stable supramolecular interactions with carbon nanotubes. Serinol derivative containing a pyrrole ring, 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (SP), was obtained from the reaction of serinol with 2,5-hexanedione and the subsequent aromatization of the tryciclic compound 4a,6a-dimethyl-hexahydro-1,4-dioxa-6b-azacyclopenta [cd]pentalene. High yield solvent free reactions were performed by simply allowing the interaction of the starting reagents. PE oligomers were synthesized through the reaction of SP with DBI and their adduct with CNT was prepared by sonication in an environmentally friendly solvent such as acetone. Stability of the suspension was verified over months, even after centrifugation. HRTEM analysis revealed that CNT were prevailingly disentangled from the starting bundles, had intact skeleton and were decorated by PE oligomers, tightly adhered to the MWCNT external surface. Stability of the interaction of SP based PE with MWCNT was investigated by solvent extraction. With ethyl acetate at room temperature a very minor amount (24%) of the SP based PE was extracted, whereas 98% of a PP-PE-PP block copolymer was removed in the same conditions. This work demonstrates the synergy between the pyrrole rings and the oxyalkylene sequences for establishing stable interaction with CNT, that can not be achieved by surfactants based only on poly(ethers). These results allow the preparation of even and stable CNT dispersions in a large variety of environments, from environmentally friendly (aqueous) liquids to polymeric matrices. SP is thus a versatile monomer for the preparation of polymeric surfactant for carbon allotropes. 
